Immune self-tolerance is controlled by a subset of T lymphocytes that are regulatory (Treg) and epigenetically programmed to suppress auto-reactive immune effector cells in vivo. By extrapolation, donor-specific transplantation tolerance might be controlled by donor-specific Treg that have acquired the appropriate epigenetic program for tolerance. Although such tolerance has yet to be achieved in man, proof of concept comes from mouse models where regulatory transplantation tolerance can be induced within the complex micro-environment of the spleen or draining lymph node. By studying whole spleen cell populations in a murine model of transplantation tolerance we have incorporated a complexity of environmental factors when looking for specific features that characterize tolerance versus aggression. This approach has revealed unexpected patterns of gene activity in tolerance and most notably that a novel stem cell gene, axotrophin, regulates T lymphocyte responsiveness both in terms of proliferation and in release of leukaemia inhibitory factor (LIF). Since LIF is a regulator of stem cells in addition to being a key neuropoietic cytokine, these preliminary results linking both axotrophin and LIF to transplantation tolerance lead us to propose that regulatory pathways encoded during the epigenetic development of Treg cells are related to pathways that regulate fate determination of stem cells.
INTRODUCTION
The immune response is subject to fate determination signals that ensure protective tolerance towards selftissues while simultaneously being capable of aggressive attack towards foreign pathogens. Specificity of a given response is driven by antigen while the phenotypic fate of the responding lymphocyte is guided by micro-environmental cues to result in either aggression or tolerance. Self-tolerance is regulated at several levels, including apoptotic deletion of high-affinity self-reactive T cells upon engagement of antigen presented by thymic stromal cells ( Venanzi et al. 2004) , a process that requires induction of the proapoptic gene Bim (Liston et al. 2004b) and includes promiscuous thymic expression of organ specific antigens such as insulin or thyroglobulin (Liston et al. 2003) . Those self-reactive cells that escape thymic deletion may become anergized when they first encounter antigen in the periphery (Macian et al. 2004) , or be suppressed by regulatory T cells (Treg) that arise within the thymus and impose anergy within their immediate environment in a non-specific manner by various mechanisms that include release of IL-10 and transforming growth factor b (TGF-b). Treg in turn are regulated by the expression profile of receptors on their surface, including TCR/CD4, CD25, cytotoxic T lymphocyte antigen-4 (CTLA-4), glucocorticoid-induced tumour necrosis factor receptor family related gene product (GITR) and CD134 (also known as OX40; Sakagushi 2000; Levings et al. 2001 Levings et al. , 2002 Read & Powrie 2001; Shevach 2001; Valzasina et al. 2004; Fehérvari & Sakaguchi 2005) .
Foreign organ grafts are recognized as foreign 'pathogens' by the immune system and become subject to full immune attack leading to their rejection. At the molecular level, full activation of donor-specific T cells occurs as the result of donor-antigen-induced clustering of T cell receptors (TCR) to form the immune synapse. Although a threshold of some 8000 clustered TCR molecules are required for activation, costimulatory molecules lower this threshold by amplifying intracellular signalling and in the presence of CD28, 1500 TCRs suffice (Viola & Lanzavecchia 1996 , 1999 . The synaptic signalling threshold may also be altered by lectins and defective glycosylation at the T cell surface has been shown to result in T cell hypersensitivity (Demetriou et al. 2001) . Despite the predetermined programme for graft rejection, signalling through the immune synapse may be guided to produce donor-specific Treg-type cells by manipulations that reduce the strength of TCR-driven signalling upon first engagement with donor antigen. Such attenuation can be achieved by several routes, including (i) a low affinity TCR-peptide interaction (Chen et al. 2004) ; (ii) presentation of higher affinity peptide by immature or regulatory dendritic cells together with any associated vitamin D activity (Adorini 2003; Cobbold et al. 2003; Jeudes & Von Herrath 2003) ; (iii) reduced T cell responsiveness due to blockade of the TCR co-receptors CD4 and CD8 (Qin et al. 1993; Chen et al. 1996) ; and (iv) reduced T cell responsiveness due to blockade of CD28 co-stimulation (Perez et al. 1997; Tang et al. 2003) .
The one common denominator in tolerance induction in peripheral graft-reactive T cells appears to be a net reduction in signal strength from the TCR to the genome of the responding T cell. The discovery that expression of a single gene, foxp3, 1 is able to orchestrate the differentiation of naive CD4 C T cells into Treg (Fontenot et al. 2003; Hori et al. 2003; Khattri et al. 2003; Ramsdell 2003; Ramsdell & Ziegler 2003; Cobbold et al. 2004; Fontenot & Rudensky 2004) implies the existence of 'master' epigenetic switches where hierarchical positioning of pivotal gene activity will trigger pathways leading to a given phenotype, with foxp3 being a nodal gene for tolerance. It might be argued that a low level TCR signal at the immune synapse induces at least one round of T cell division wherein epigenetic remodelling occurs for tolerogenic gene expression patterns. Below, I outline some links between TCR engagement and transcriptosome patterning and then present novel data on axotrophin, a stem cell gene product that has been discovered to have profound effects on T cell responsiveness.
EPIGENETIC PLASTICITY AND THE PERIPHERAL NAIVE T CELL
Epigenetic factors determine cell fate, acting as key regulators of genomic function by the control of dynamic changes in the local and global organization of chromatin in a heritable manner. The expression pattern of inducible genes becomes established as the result of environmental cues during development down a particular cell lineage, and these patterns are controlled in a tissue-specific manner to allow expression of relevant tissue specific genes while silencing those that are irrelevant. Silencing results from DNA methylation of cytosine residues in CpGrich sequences of the promoter region, so blocking transcription of the gene, and silencing is central to the establishment and maintenance of lymphocyte identity (Smale 2003) . The relevant tissue-specific genes for a given cell type remain unmethylated and available for expression in response to stimulation, while housekeeping genes that are required in all cell types remain open because any CpG-rich islands in their promoter regions also remain unmethylated. Methylation of DNA is not the only means of epigenetic control and other biochemical modifications of chromatin include histone phosphorylation, methylation, ubiquitination and deacetylation (Smale 2003; Gill 2004; Wang et al. 2004a; Khan & Krishnamurthy 2005) .
Since different fate determination pathways are open to the peripheral naive T cell, a level of epigenetic plasticity is indicated wherein heritable chromatin structure and gene expression patterns can be influenced at the time of antigen engagement, so allowing further epigenetic modelling for full differentiation. It is the pattern of receptor engagement at the time of first engagement between the TCR and presented antigenic peptide that will establish development of the Th-1, or Th-2, phenotypes (Dong & Flavell 2000; O'Shea & Paul 2002; Madrenas 2003; Maldonado et al. 2004; Smale 2003) . Alternatively, donor-specific regulatory T cells will develop a distinct set of expressed genes that will usually include foxp3.
Exactly how this epigenetic patterning becomes established is unknown. It is possible to unmmask epigenetically silenced genes by modifying chromatin structure, as occurs for STAT3 and leukaemia inhibitory factor (LIF )-Ra in mouse spleen cells treated with FR901228, a histone deacetylase inhibitor (Blanchard et al. 2002) . The apparent flexibility in expression of STAT3 and LIF-R is of interest since LIF signals through STAT3 and we have found that both LIF and STAT3, in addition to axotrophin, are candidate regulatory mediators in transplantation tolerance (Metcalfe et al. 2005a,b) .
THE IMMUNE SYNAPSE AND CYTOSKELETON IN T CELL FATE DETERMINATION
The immune synapse is central to fate determination of the naive T cell (Penninger & Crabtree 1999; Jun & Goodnow 2003; Finkelstein & Schwartzberg 2004; Huang & Wange 2004; Le Bras et al. 2004; Meiri 2004 Meiri , 2005 Sumen et al. 2004) . Analytic studies show the synapse as a micro-domain structure comprising central active zones of exocytosis and endocytosis encircled by adhesion domains. Here molecular information is integrated according to TCR affinity for the presented antigen together with concurrent engagement of inhibitory and co-stimulatory receptors. In addition, formation of the synapse is qualified by changes in the nature and frequency of cytokine and chemokine interactions while cytoskeletal changes at the synapse in turn qualify the strength and duration of the synaptic structure, so tuning the immune response between tolerance and full activation. Reversible polymerization of actin is linked to the rapid inactivation of ezrin-radixin-moesin proteins to result in disanchoring of the cortical actin cytoskeleton from the plasma membrane, so increasing plasma membrane fluidity and permitting more efficient synaptic formation (Faure et al. 2004) . Thus the cytoskeleton itself is recognized as an active modulator of specific synaptic signalling. Importantly, cytoskeletal changes may be linked to generation of second messengers in the form of phosphoinositides; phosphoinositides also influence chromatin remodelling, providing a direct interface between strength of synaptic signalling and chromatin regulation (Rando et al. 2003) . Overall, immune synaptic activity acts in concert with receptor-mediated reversible phosphorylation of the JAK /STAT signalling pathways (e.g. O'Shea & Paul 2002) to result in the developmental fate of the newly activated T cell.
AXOTROPHIN IS LINKED TO EXPRESSION OF LIF IN T LYMPHOCYTES
We first discovered a link between axotrophin and immune tolerance when searching for genes that showed increased expression in tolerance (Metcalfe & Muthukumarana 2005) . Using subtractive gene array of Affymetrix chips (36 000 genes per chip), we compared spleen cells from CBA mice that were tolerant to a BALB/c heart graft, versus spleen cells from a CBA mouse that had rejected a BALB/c heart graft (figure 1). Compound analyses at progressive time points following stimulation with donor antigen revealed differential expression of 129 genes, a few of which showed a progressive increase in expression that only occurred in the tolerant cell population. Two such genes were axotrophin and Par-1. It has been recently found that Par-1 null mice develop autoimmune disease, revealing a role for Par-1 in regulatory immune self-tolerance (Hurov et al. 2001) .
Despite extensive searches nothing was found on axotrophin until Google revealed that axot null mice had been generated by Dr Gary Lyons, University of Wisconsin, USA, and that these mice showed neuronal defects with failure of axonal migration to cross the midline of the brain at the corpus callosum. This led us to speculate that axotrophin might be similar to the semaphorins, since semaphorins play a role in axonal migration by influencing the degree of actin polymerization at the neuronal growth cone, thus enabling responsiveness to extracellular guidance cues (Huber et al. 2003; Kantor et al. 2004) . If axotrophin was somehow similar to the semaphorins, then the role in immune tolerance that was suggested by our gene array data might fit in with the recent realization that certain semaphorins influence lymphocyte developmental fate (Kumanogoh et al. 2002; Kuchroo et al. 2003; Kumanogoh & Kikutani 2003; Takegahara et al. 2005) .
To our surprise, direct studies on axotrophin null spleen cells revealed profound effects on mitogenactivated T lymphocytes, with marked hyper-proliferation and over production of LIF; this proved to be gene-dose-dependent and was in striking contrast to a lack of effect on B lymphocytes (Metcalfe et al. 2005a) .
Comparison of axotrophin null with wild-type spleen cells also suggested that LIF release is directly regulated by axotrophin (Metcalfe et al. 2005a) . At the mRNA level, comparison of axotrophin null versus wild-type thymocytes has revealed that loss of axotrophin results in increased LIF expression and decreased Foxp3 expression (Lyons & Metcalfe, in preparation) while in regulatory Tr1 cells axotrophin and LIF gene expression is relatively high when compared to isogenic clones of TH1 and TH2 phenotypes (Steve Cobbold, personal communication) .
Since LIF is a critical growth factor in fate determination versus self-renewal of stem cells (Zandstra et al. 2000; Murray & Edgar 2001) , this implies an interactive role for axotrophin and LIF not only in the regulation of immune tolerance but also in the regulation of stem cells and of neuronal stem cells in particular. The link between axotrophin and LIF is of special interest since we had previously found that LIF is produced in high amounts both by tolerant spleen cell populations and by cloned Tr1 cells, in marked contrast to cloned Th1 or Th2 cells (Metcalfe et al. 2005b ). Thus we believe that axotrophin plays a critical and previously unrecognized role in immune tolerance in vivo, and that this is linked to Foxp3, LIF and T cell replication.
Having shown that axotrophin may act as a negative regulator of LIF, at least in activated T cells, we suggest that LIF expression is functionally coupled to axotrophin expression, with axotrophin playing a role in co-ordinating the positive and negative regulation of LIF release. This would place axotrophin as a nodal regulator of fate determination via LIF. The molecular function of axotrophin has yet to be determined and how axotrophin might influence LIF release is unknown. The one clue to date is a RINGvariant domain encoded by the axotrophin gene, endowing axotrophin with E3-ligase potential. The E3 ligases guide specificity of ubiquitin-mediated degradation of target proteins by the proteosome and play a critical role in regulating protein half life, a function that operates in anergic T cells where specific signalling molecules are rapidly degraded to prevent full activation (Heissmeyer et al. 2004; Macian et al. 2004) . E3 ligases are also involved in peptide generation for antigen presentation by the MHC and the extent of their role in immunity is an expanding field of study (Liu 2004) . In self-tolerance, autoimmune regulator (AIRE) regulates tolerance to organ specific gene products including insulin and thyroglobulin and the AIRE protein has been reported to function in the thymic medulla both as a transcription factor and as an E3 ligase (Liston et al. 2004a; Uchida et al. 2004) . This raises the intriguing concept of AIRE-mediated induction of target genes (transcription) and degradation of target gene products (E3-guided ubiquitination) for thymic presentation, the outcome being deletion of the respective self-reactive thymocytes. The potential role of axotrophin as an E3 ligase able to regulate T cell responsiveness is currently being investigated.
LIF
It is notable that the phenotype of the LIF null mouse (Bugga et al. 1999) shows similarities with the axotrophin null mouse phenotype: both show normal development with exception of specific hippocampal structures. The viability of the LIF null mouse, despite LIF having wide ranging functions, relates to promiscuity of the LIF receptor and closely related cytokines, for example IL6, IL11, ciliary neutrophin factor, and oncostatin M, may substitute for LIF due to their common receptor subunit, gp130 (Heinrich et al. 2003; Metcalf 2003) . Thus, although LIF specificity is endowed by the LIF-Ra chain in the gp130/LIF-Ra heterodimer, this specificity is not exclusive and other family members can substitute for LIF. A small number of exceptions show an absolute requirement for LIF-LIF-R signalling: blastocyst implantation (Cheng et al. 2001) and, apparently, limited sites in the hippocampus. The LIF-R null mouse is embryo lethal (Metcalf 2003) , demonstrating an absolute requirement for LIF-R mediated signalling in vivo. The correlation between LIF and tolerance (Metcalfe et al. 2005a,b) may also be LIF specific, since IL6 failed to show a similar correlation in these experiments (Metcalfe, unpublished observations) while others have found an association between IL6 and breakdown of regulatory tolerance (Pasare & Medzhitov 2003) .
Induced expression of the LIF gene requires ets transcription factors (Bamberger et al. 2004) and LIFinduced signal transduction is mediated by STAT3 (Moon et al. 2002) . In responding cells, LIF-induced signalling is tightly regulated by negative feedback and LIF-response genes include suppressor of cytokine signalling-3 (SOCS-3), encoding a dominant suppressor of LIF-induced STAT3 signalling (Bartoe & Nathanson 2002; Takahashi et al. 2003) . Such feedback regulation of a critical cytokine ensures balanced physiological responsiveness and permits changes in intensity of signal and we speculate on the possibility that axotrophin plays a role in feedback regulation of LIF, for example by co-operating with SOCS-3 activity. Accordingly, loss of axotrophin would enhance LIFinduced signalling by reducing negative feedback control of potential autocrine activity in T cells.
Considering the effect of axotrophin on T cell proliferation and an observed tight relationship between proliferation and endogenous LIF release in the axot C/C cells, together with our finding that exogenous LIF does not alter T cell proliferation (Metcalfe et al. 2005a) , we also speculate that a coupled feedback regulation exists that incorporates an intrinsic link between LIF and T cell division. Uncoupled, hyper-proliferation and increased LIF release would result from loss of endogenous regulation, as observed for the axotrophin null T cells (Metcalfe et al. 2005a ).
ALLO-TOLERANCE ASSOCIATED WITH AXOTROPHIN AND LIF IS SELF-SUSTAINING
Our discovery of axotrophin and LIF in tolerance came from an ex vivo model where the complexity of the micro-environment of responding T cells was preserved during their allo-activation so as to mimic the in vivo situation (figure 1). The ex vivo model was directly derived from an in vivo mouse model where we have already shown that established regulatory tolerance is donor-specific and permanent (Chen et al. 1996) , lacks B cell allo-reactivity (Chen 1997) , and shows good vascular preservation within the graft (Moffatt 1999) . Tolerance was induced by 21 days therapy with blocking monoclonal antibodies to CD4 and CD8 and, although this induction could be prevented by high dose interleukin 2 (IL2), once established, donor-specific tolerance was very robust and could not be broken by IL2 nor by removal of IL4 using anti-IL4 monoclonal antibody (Chen et al. 1996) . Crucially, tolerance became self-perpetuating and adoptive transfer of tolerant spleen cells into • 36 000 genes Figure 1 . The model used to study transplantation tolerance in vivo and ex vivo. Briefly, tolerance to vascularized heart grafts is generated under cover of CD4 and CD8 blockade. Spleen cells from tolerant recipients, and from recipients that have rejected a heart graft, are cultured ex vivo and challenged with donor antigen in the form of irradiated donor-type spleen cells (panel a). Donor-specificity controls include recipient spleen cells challenged with recipient-type (self-self-controls) or with third-partytype spleen cells. The inserts to (a) illustrate the donor-responsive recipient spleen cells at 7d (top) and 14d. Panel (b) illustrates the molecular analyses applied to the spleen cell populations harvested from the ex vivo cultures, where identical conditions are maintained between the 'tolerant' and 'rejecting' cultures. Panel (c) details the sequential samples taken, each representing an individual flask to avoid disturbance of responding cells, and the molecules assayed at each time point. Very few showed a selective increase in tolerance: these were the proteins LIF, STAT3, and Foxp3, and c-Kit, together with six genes, one of which was axotrophin. These results led to the discovery that axotrophin regulates T cell proliferation and T cell-derived LIF.
fully immune competent recipients revealed not only the spread of tolerance to whole (un-manipulated) naive recipients of a donor-type graft but also spread of tolerance at the cellular level to naive donorreactive T cells (infectious tolerance). In contrast, all third party heart grafts were rejected, while 50% of [donor!third party] (F1) heart grafts were accepted in the presence of adoptively transferred donortolerant spleen cells, demonstrating spread of specific tolerance to linked third party antigen. Two absolute requirements for maintenance of dominant transplantation tolerance were found: allo-specific CD4 C T cells, and continuous presence of allo-antigen (Chen et al. 1996) . In our ex vivo analyses of tolerance we sought to parallel the in vivo state, preserving the full cellular environment of the alloreactive T cells. Having identified novel molecules selectively expressed in the un-manipulated tolerant cell population, whole spleen cell population studies at a single cell level by flow cytometry will identify those cells expressing axotrophin and LIF together with their co-expressed markers and proliferation profile.
IS STEMNESS A CHARACTERISTIC OF PERIPHERAL TOLERANCE?
We have previously found selective expression of both STAT3 and c-kit in tolerance (Metcalfe & Watson 2002) ; c-kit is the receptor for stem cell factor (SCF) and both SCF/c-kit and LIF/LIF-R signal through STAT3. (Ning et al. 2001; Heinrich et al. 2003) . Others have shown that STAT3 activity indirectly inhibits dendritic cell maturation (Wang et al. 2004b ) opening up the possibility that LIF and/or SCF in the microenvironment arrests differentiation of antigen presenting cells. As a working model we propose that LIF activity, regulated by axotrophin, is associated with immune tolerance. LIF may guide naive T cells towards a relatively undifferentiated, non-aggressive phenotype in response to presented antigen where the circumstances of presentation initiate the tolerogenic LIF activity, either directly or indirectly. Thereafter, epigenetic changes, including expression of foxp3 and ROG, and induction of Id (Inhibitors of differentiation) transcription factors (Ying et al. 2003) In (a), signalling from the TCR is sufficient to trigger differentiation of aggressive effector functions, these being further qualified by environmental cues to guide Th1-type, or Th2-type, development. In (b), the signalling threshold at the immune synapse is too weak to generate differentiation towards effector function, but is sufficient to induce epigenetic changes for regulatory tolerance (step 1). This is associated with a checkpoint that arrests the responding T cell in a relatively undifferentiated state. This stage is then maintained in the presence of presented antigen due to proliferation and release of LIF from the responding T cell (step 2), LIF in turn being regulated by axotrophin. The LIF-axotrophin link appears to be endogenously controlled in the epigenetically stable Treg cells. The term 'stemness' is suggested since the relatively undifferentiated state of the regulatory cell population is characterized by molecular pathways that are in common with the regulation of stem cells.
Axotrophin, LIF and STAT3 would continue to play a role in the self-perpetuation of tolerance, actively driven by presented antigen/TCR interactions to maintain both specificity and self-renewal (figure 2). Removal of antigen would result in loss of tolerance, while co-expressed F1 antigen may induce linked tolerance, as described previously (Chen et al. 1996) . Overwhelming expansion of the lymphocyte repertoire might reduce the option of regulated epigenetic programming towards the tolerant phenotype, and homeostatic proliferation has been described as a barrier to transplantation tolerance (Wu et al. 2003) .
Having discovered that certain features of immune tolerance are common to regulation of stem cell fate, the question arises: do 'stemness' signals play a role in peripheral tolerance by suppressing terminal differentiation of immune effector cells? Secondly, we consider the possibility that allogeneic stem cells might bias the allo-immune response towards allo-tolerance by signalling for stemness, so favouring successful therapeutic engraftment. Thus, in addition to tolerance in transplant recipients, any links between regulatory immune tolerance and stem cell biology should benefit regenerative medicine and the successful outcome of implanted stem cell allografts, in particular of neuronal stem cells where LIF release might both suppress aggressive immunity and act as a neural growth factor.
ENDNOTE

1
Foxp3 belongs to the family of Forkhead (Fox) transcription factors that are represented by a wide range of members including the Foxp and Foxo sub-groups and recent evidence suggests a generalized role for the forkhead proteins in T cell tolerance (Coffer & Burgering 2004; Lin et al. 2004) .
